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Metals are major contaminants that inﬂuence human health. Many metals have phys-
iologic roles, but excessive levels can be harmful. Advances in technology have made
toxicogenomicanalysespossibletocharacterizetheeffectsofmetalexposureontheentire
genome. Much of what is known about cellular responses to metals has come from mam-
malian systems; however the use of non-mammalian species is gaining wider attention.
Caenorhabditis elegans is a small round worm whose genome has been fully sequenced
and its development from egg to adult is well characterized. It is an attractive model for high
throughput screens due to its short lifespan, ease of genetic mutability, low cost, and high
homology with humans. Research performed in C. elegans has led to insights in apoptosis,
gene expression, and neurodegeneration, all of which can be altered by metal exposure.
Additionally, by using worms one can potentially study mechanisms that underline differ-
ential responses to metals in nematodes and humans, allowing for identiﬁcation of novel
pathways and therapeutic targets. In this review, toxicogenomic studies performed in C.
elegans exposedtovariousmetalswillbediscussed,highlightinghowthisnon-mammalian
system can be utilized to study cellular processes and pathways induced by metals. Recent
work focusing on neurodegeneration in Parkinson’s disease will be discussed as an exam-
ple of the usefulness of genetic screens in C. elegans and the novel ﬁndings that can be
produced.
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INTRODUCTION
Metals are persistent environmental contaminants that have been
associated with developmental and behavioral deﬁcits and neu-
rodegeneration (Kordas, 2010; Koyashiki et al., 2010; Neal and
Guilarte,2010). Several metals,such as Zn,Mn,and Fe,are essen-
tial for cell viability and function; however excessive levels of
metals can be deleterious. Metals can generate free radicals and
reactive oxygen species (ROS) through Fenton chemistry, leading
to protein and DNA oxidation and lipid peroxidation. Oxidation
of macromolecules can damage cellular organelles and generate
additional ROS, thus creating a vicious cycle. Exposure to metals
can range in their clinical symptoms, but similar cellular effects
are observed, such as oxidative stress. With the advent of com-
plete genome sequencing and genome-wide mapping, it is now
Abbreviations:AD,Alzheimer’sdisease;AO,acridineorange;C.elegans,Caenorhab-
ditis elegans; DAergic, dopaminergic; DTT, dichlorodiphenylchloroethane; eIF2α,
eukaryotic translation initiation factor; ER, endoplasmic reticulum; ERAD, ER-
associated degradation;HD,Huntington’s disease;HSP,heat shock protein;LRRK2,
leucine-rich repeat kinase 2; Nrf2, nuclear factor (erythoid-derived 2)-like 2; PD,
Parkinson’s disease; PINK1,PTEN-induced novel kinase 1; PTEN,phosphatase and
tensinhomolog;SNpc,substantianigraparscompacta;ROS,reactiveoxygenspecies;
UPR, unfolded protein response.
possible to identify novel genes involved in metal homeostasis,
detoxiﬁcation, and involved in response to toxic exposures. One
important consideration in performing a toxicogenomic screen is
the choice of model organism. Traditional mammalian models,
suchasratsandmicehaveprovidedvitalinformationaboutmetal
exposures. However rodents are complex organisms where subtle,
yet important,changes may not be observed due to the numerous
cell types and their relative abundance in the tissue examined.
Non-mammalian model organisms provide an alternative, less
complex system to perform these screens while maintaining high
homology to mammals.
Caenorhabditis elegans is an attractive model for studying
effects of metals on gene expression. C. elegans are small
(∼1.5mm) round worms with a short lifespan of 3weeks and
a life cycle of 3days, that can be maintained cheaply in a humid
environment containing atmospheric oxygen and bacteria grown
on agar as a food source. A single adult hermaphrodite is capable
of producing ∼300 progeny. Upon hatching (L1 phase), worms
proceed through three subsequent larval stages (L2 after 12h, L3
after 8h, and L4 after 10h). As an adult, an hermaphrodite is
able to self-fertilize, or may be used for mating with an adult
male, a rare sex with a frequency of 0.5%, allowing for crossing
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worms of different genotypes. Importantly, worms contain many
of the transporters and stress response genes critical for xenobi-
otic and metal detoxiﬁcation, including metallothioneins (MTs),
transporters involved in metal homeostasis, heat shock proteins
(HSPs), and genes involved in glutathione homeostasis.
Because of the short lifespan and ease of manipulability, C.
elegans are a perfect model for high throughput toxicogenomic
screens. C. elegans’ body comprises less than 1000 cells, allowing
for the mapping of every cell’s development and lineage (Sul-
ston and Horvitz, 1977). This allows one to investigate not only
general overall toxicity, but neurotoxicity, reproductive toxicity,
muscular toxicity, toxicity to the GI track, and developmental
toxicity. The C. elegans genome is fully sequenced and shows 60–
80% homology with mammals (Kaletta and Hengartner, 2006;
McDonald et al., 2006). The genetic architecture of C. elegans
genes is well characterized and there are standardized proto-
cols for knocking down genes through RNAi and introducing
DNA through injections, allowing for the creation of numerous
strains of knockout alleles and transgenic overexpression alleles.
These advantages allow for quick but informative investigations
in signaling pathways and gene–environment interactions that
may be more difﬁcult in more complex systems. It is possible
that genes induced by metal exposure in C. elegans may differ
from mammals, but this may provide insight into pathways and
protective genes that can be investigated as therapeutic targets.
In this review, we highlight recent toxicogenomic screens in C.
elegans, including screens in various worm lines, RNAi feeding
screens, and microarray analyses, to characterize genes and path-
ways altered by metal exposure. Additionally we discuss novel
ﬁndings from studies in C. elegans of metal-induced neurodegen-
eration in Parkinson’s disease (PD) as an application of toxicoge-
nomic screens in studying human disease in a non-mammalian
system.
DNA DAMAGE, GENE EXPRESSION, EPIGENETICS
VariousmetalsdamageDNA,changegeneexpressionproﬁles,and
epigenetically modify DNA, consequences which can contribute
to the toxicity of metal exposure. Many of these alterations have
been identiﬁed and characterized using mammalian systems (Bal
and Kasprzak, 2002; Beyersmann and Hartwig, 2008; Salnikow
and Zhitkovich, 2008; Robinson et al., 2010), however there are
novel genetic screens in C. elegans that can be utilized to examine
metal-induced genetic changes.
A survey for naturally occurring single base substitutions
assayed the entire genomes of 10, mutation accumulation C.
elegans strainsgeneratedbybottleneckingindividualwildtypeani-
mals for many generations (Denver et al.,2009). High throughput
synthesis- and pyro-DNA sequencing revealed more base sub-
stitutions than previous studies and found that G:C→A:T and
G:C→T:A mutations occurred at higher than expected rates,
indicative of oxidative DNA damage. While this study did not
directlyexaminemetalexposure,itsuggeststhat,asinmammalian
systems, oxidative stress resulting from metals likely causes DNA
damageinC.elegans (BalandKasprzak,2002).DNAstrandbreaks
are another form of DNA damage induced by exposure to metals
suchasCd,Cu,andZninC.kiiensis invertebratelarvae(Al-Shami
et al.,2012). This single cell assay has not been applied speciﬁcally
tometaltoxicityinC.elegans,howeverithasbeenusedtoexamine
nicotine genotoxicity (Sobkowiak and Lesicki, 2009).
Microarray-technology alone and in combination with other
techniques, has demonstrated changes in gene expression follow-
ing Ag and Cd exposure C. elegans. Whole genome microarray
identiﬁed altered expression of 1632 genes after exposure to Ag
nanoparticlesandions,includinggenesinvolvedinoxidativestress
and metabolism (Roh et al., 2009). In addition, this study com-
bined genetic changes with in vivo toxicological outcomes of sur-
vival, growth, and reproduction. Another study identiﬁed altered
expression of 290 genes using whole genome microarray follow-
ing Cd exposure (Cui et al., 2007). Many of the Cd-altered genes
had previously known functions including metabolism, proteol-
ysis, fatty acid, and lipid metabolism, although the majority of
identiﬁed genes were novel. RNAi against 92 of the most signif-
icantly altered genes was used to screen for interactions between
genefunctionandgrowthandreproductivephenotypesassociated
with Cd exposure (Cui et al., 2007).
Theshortlifespanof C.elegans,presenceof epigeneticmachin-
ery, and heritability of epigenetic alterations (Greer et al., 2011;
Wenzel et al.,2011) make it possible to examine epigenetic contri-
butionstometaltoxicityintheworm.Onerecentstudycombined
several genomic assays including microarray, ChIP-seq with his-
tonemodiﬁcationspeciﬁcantibodies,andRT-PCRtoassessglobal
genomic differences between adults that had experienced Dauer
and those that had not (Hall et al., 2010). Such an approach
has not yet been applied to the toxicogenomic consequences of
metal exposure, but would be highly informative particularly for
non-lethal and latent toxicity.
ANTIOXIDANT RESPONSE TO METAL EXPOSURE
Another way in which metals damage cells is through oxidative
stress. There are several C. elegans mutants that are hypersensitive
to oxidative stress including mev-1,mev-3,gas-1,rad-8,skn-1,and
nnt-1(Ishiietal.,1990;Yamamotoetal.,1996;Hartmanetal.,2001;
Kayser et al., 2001; An and Blackwell, 2003; Arkblad et al., 2005),
with nnt-1, and skn-1 primarily involved in antioxidant defense.
Many genes are involved in generation of ROS, Fujii et al. (2009)
screened for C. elegans mutants that showed increased sensitiv-
ity to oxidative stress, and isolated a novel mutant, oxy-4(qa5001)
(Fujii et al., 2009). This mutant showed an increased sensitivity
to a high concentration of oxygen,and decreased longevity that is
temperature-dependent. Genetic analysis showed that oxy-4 had
a mutation in an [FeFe]-hydrogenase-like gene, responsible for
catalyzing the formation and the splitting of molecular hydro-
gen (H2 ↔2H+ +2e−),and functioning in anaerobic respiration
but whose properties are less characterized in aerobic eukaryotes.
Resultsfromthisstudysuggestthat[FeFe]-hydrogenase-likegenes
are involved in the regulation of sensitivity to oxygen in C. elegans
(Fujii et al.,2009).
Thedaf-2 insulin-likesignalingpathwayplaysamajorroleinC.
elegans longevitybycontrollingtheexpressionofalargenumberof
genes,includingfreeradicaldetoxifyinggenes(HondaandHonda,
1999).Samuelsonandcolleaguesperformedagenome-wideRNAi
screen to identify genes necessary for the extended lifespan of daf-
2 mutants and identiﬁed ∼159 gene inactivations responsible for
shortening the lifespan. Endocytosis and vesicular trafﬁcking to
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lysosomes made up a majority of the genes identiﬁed for lifes-
pan extension in the daf-2 mutant. Decreased daf-2 signaling
causes nuclear localization of DAF-16 and results in upregulation
ofmanganesesuperoxidedismutase(SOD-3),whosefunctionisto
protect cells from oxidative stress. Thirty-four gene inactivations
wereidentiﬁedthatsuppressedtheinductionofSOD-3expression
in non-neuronal cells (Samuelson et al.,2007).
Toxicogenomic studies have described the utility of C. elegans
as an environmental monitor and biosensor. Chu et al. (2005)
tested a number of mutant strains defective in genes controlling
ROSresponseforenhancedsensitivitytometals.Adoublemutant
daf-16 unc-75 strain was identiﬁed as most sensitive, exhibiting a
sixfoldincreaseinsensitivitytoCd,threefoldincreaseinsensitivity
to Cu,and twofold increase in sensitivity to Zn compared to wild-
type worms. Roh et al. (2006) investigated the toxicity of Cd, Pb,
Cr, and As using a transgenic C. elegans model. Cd led to a more
than threefold increase in HSP 16.2, HSP 70, metallothionein 2,
cytochrome P450 family protein 35A2, glutathione-S-transferase
4, superoxide dismutase 1, catalase 2, C. elegans p53-like protein
1, and apoptosis enhancer 1 genes compared to controls. The Pb-
, Cr-, and As-exposed nematodes showed little change in gene
expression showing that Cd has a higher tolerance level com-
pared to the other metals tested. Cd- and Cr-exposed worms also
exhibitedalterationsingrowthandreproduction.Thisstudyillus-
trated that stress responses must be measured following exposure
to several different metals (Roh et al., 2006). The DNA microar-
ray experiments of Cui et al. (2007) examined the toxicogenomic
response to Cd and identiﬁed 237 up-regulated and 53 down-
regulated genes that signiﬁcantly changed following either 4 or
24h exposure. Early response genes were those that regulate the
localizationandtransportof variousmetalsandareimportantfor
ion homeostasis. Cd exposure resulted in the overexpression of
25 biotransformation genes, proteolysis genes, and expression of
four ABC transporters, pgp-1, pgp-8, pgp-9, and mrp-3. Fatty acid
and cellular lipid metabolism and cell wall catabolism pathways
represented a signiﬁcant portion of the downregulated gene set
(Cui et al., 2007).
Caenorhabditis elegans’ SKN-1 [mammalian nuclear factor
(erythoid-derived 2)-like 2, Nrf2] is critical for oxidative stress
resistance. Wang et al. (2009) conducted a genome-scale RNAi
screen to identify mechanisms that prevent inappropriate skn-1
targetgeneexpressionundernon-stressedconditions(Wangetal.,
2009). They identiﬁed 41 genes that if knocked down lead to acti-
vation of a SKN-1 target gene, gcs-1. These genes represent many
cellular processes, including mRNA translation. Results suggest
that SKN-1 acts as a monitor of many metabolic and regulatory
processes.
HEAT SHOCK PROTEINS AND ER STRESS
Cellular functions are greatly dependent upon efﬁcient and accu-
rate cooperation between different proteins, relying on efﬁcient
protein synthesis, processing, trafﬁcking, and degradation. Thus,
it is not surprising that cells have evolved several defense mech-
anisms to address misfolded and damaged proteins. Molecu-
lar chaperone proteins are highly conserved and ubiquitously
expressedinallsubcellularcompartmentsandareessentialforthe
stability of the proteome under normal and stressful conditions
(Frydman, 2001). The expression of many molecular chaperones
isregulatedbydifferentformsof environmentalandphysiological
stresses that can interfere with folding stability, thus leading to a
ﬂuxofmisfoldedproteins.Stressresponsivemolecularchaperones
are referred to as HSPs and classiﬁed by gene families according
to their molecular mass. HSPs exert their physiological effect by
assisting in the formation of new proteins as well as by preserving
existing structures. However, they also display major functions in
pathologicalconditions,especiallythroughstructuralrectiﬁcation
of denaturedproteinsandsolubilizationof proteinaggregatescar-
rying them on to the proteasome system (Soti et al., 2005; Powers
et al.,2010).
Despite the robust nature of the heat shock response and the
capacity of chaperones to recognize misfolded proteins, chronic
exposuretometalsevenatlowdoses,oracutetoxicityathighdoses
may result in the accumulation of misfolded and damaged pro-
teins.Theaccumulationof alternatefoldedstatesandtoxicspecies
overburdensandfunctionallydepletestheproteostasismachinery,
which in turn ampliﬁes protein damage (Gidalevitz et al., 2006,
2009).Thissuggeststhattheregulationof theproteinqualitycon-
trol system is essential for proteostasis to monitor the state of the
proteome throughout the lifetime of an organism. Hence, HSP
expressionhasemergedasanindicatorof cellularstressinanimals
exposed to metals at sub-toxic and toxic doses.
Toxicogenomics has helped in elucidating whether HSP lev-
els are altered by metals exposure. HSP levels vary after metal
exposure depending on the metal, type of cell or organ studied,
and type of chaperone evaluated (Cheng et al., 2003; Qian et al.,
2005; Rodella et al.,2008; Escobar Mdel et al.,2009). Some metals
such as Pb, Cd, Al, and Hg can directly inhibit protein folding or
inhibit their expression, thus causing accumulation of unfolded
proteins and endoplasmic reticulum (ER) stress (Rodella et al.,
2008; Sharma et al., 2008; Aremu et al., 2011). There are sev-
eral diseases associated with long-term metal exposure, increased
misfolded protein aggregation, and disturbance in the ubiqui-
tin/proteasome system including Alzheimer’s disease (AD), PD,
and polyglutamine diseases, such as Huntington’s disease (HD;
Imaizumi et al., 2001; Gitler et al., 2009; Squitti, 2012). Once
proteins are misfolded, they can aggregate and damage the cell.
Metal-induced oxidative stress has been shown to promote pro-
tein aggregation (Santner and Uversky,2010; Dudzik et al.,2011).
Additionally, metals can also perform aberrant interactions with
proteins such as beta-amyloid, α-synuclein, and prion proteins
(SantnerandUversky,2010;HongandSimon,2011).Forinstance,
Zn and Al strongly stimulate the aggregation/ﬁbrillogenesis of
variationsof ataxin-3,aproteininvolvedinthepolyglutaminedis-
easeataxia(Ricchellietal.,2007).Inaddition,aseriesof mono,di,
andtrivalentmetalionssuchasLi,Mn,Zn,Cu,Alcancausesignif-
icantaccelerationof α-synucleinﬁbrilformationinvitro (Santner
and Uversky, 2010). These processes trigger HSP activation and
consequently, a defense response in order to detoxify and protect
the cell against the oxidative injury and alterations in the pro-
teostasis caused by the pro-oxidant (Stefani and Dobson, 2003;
Dudzik et al.,2011; Hong and Simon,2011). Several studies using
toxicogenomics have demonstrated that HSP levels are elevated
following metal exposure in different animal models. In C. ele-
gans, Anbalagan et al. demonstrated that Cd, Cu, Zn, and both
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organic MeHg and inorganic Hg exposure induced the heat shock
genes, HSP-16.1, HSP-16.2, HSP-6, HSP-60 were at least twofold
increased, using transgenic GFP strains (Helmcke and Aschner,
2010; Anbalagan et al., 2012). Currently, there is little data unrav-
eling the mechanisms that underlie metal detoxiﬁcation via HSP,
and toxicogenomics will be an important tool in this research.
TheERservesasthemajororganelleforproteinsynthesis,mod-
iﬁcation, folding, and transportation. Disruption of normal ER
function results in accumulation of unfolded or misfolded pro-
teinsinsideERlumen,knownasERstress,triggeringtheunfolded
protein response (UPR), in order to decrease protein synthesis,
enhance protein folding, and degradation. The molecular chap-
erone GRP78/BiP (immunoglobulin-binding protein) serves as a
sensor in this signaling pathway. When ER functions normally,
BiP binds to three ER transmembrane proteins, including an
endoribonuclease IRE1,protein kinase PERK,and a transcription
factor ATF6. Upon ER stress, BiP dissociates from these proteins
and binds to unfolded protein to improve folding, thus releasing
these three proteins from ER membrane and activating subse-
quent signaling pathways. These three transmembrane proteins
are corresponding to three distinct UPR signaling branches. The
transmembrane kinase PERK phosphorylates its downstream tar-
get,eukaryotictranslationinitiationfactor(eIF2α),throughwhich
the protein synthesis is shut down. IRE1 cleaves a transcription
factor xbp-1 pre-mRNA, which then gets translated and translo-
cated into nucleus to activate genes for protein degradation, such
as ER-associated degradation (ERAD) complex. ATF6 dissociates
fromERmembrane,travelstoGolgiapparatusandgetsC-terminal
cleaved, releasing the N-terminal cytosolic fragment to enter the
nucleus,andactivatetargetsgenes.ThesegenesaremainlyERres-
ident chaperones (such as BiP and protein disulﬁde isomerase),
upregulation of which enhances protein folding in the ER.Activa-
tion of three UPR branches would alleviate the stress,thus restore
ER protein homeostasis; on the other hand, if the stress remains
unsolved,apoptosisisactivatedtokillthesecells.Todate,ERstress
has been found in many human neurological disorder diseases,
including early-onset torsion dystonia (Chen et al., 2010), AD
(Hoozemans et al., 2005, 2009), PD (Jiang et al., 2010; Calì et al.,
2011), amyotrophic lateral sclerosis (Atkin et al., 2008; Nishitoh
et al.,2008; Mori et al.,2011), and HD (Reijonen et al.,2008).
Recently heavy metal exposure has been associated with ER
stress.Gardarinetal.(2010)foundthatERwasthemajortargetof
Cd exposure in yeast Saccharomyces cerevisiae.U p o n5 0μMo fC d
treatment, splicing of HAC1 (yeast xbp-1) mRNA was observed,
Δire1 and Δhac1 strains showed hypersensitive to Cd, similar to
ER stress inducer tunicamycin and dichlorodiphenylchloroethane
(DTT; Gardarin et al.,2010). In addition, 14 out of 16 mutants in
MAPK signaling pathway, which is important for tolerance of ER
stress,isalsosensitivetoCdtreatment(Gardarinetal.,2010).Fau-
chon et al. (2002) noticed activation ER chaperones PDI, FKB2,
LHS1,andJEM1andUPRcomponentsuponCdtreatment.MeHg
has been shown to induce hermetic changes in GRP78 levels,
with low acute doses increasing GRP78 expression but high doses
decreased its expression,suggesting that low level MeHg exposure
induces cytoprotective ER stress pathway (Zhang et al., 2011). In
mammaliancellculture,Pb(Qianetal.,2001;Shinkaietal.,2010),
Mn (Chun et al., 2001), Hg (Qian et al., 2001), Ni (Hiramatsu
etal.,2007),Co(Hiramatsuetal.,2007),andCd(Hiramatsuetal.,
2007) also caused ER stress and activated UPR by upregulating
BiP expression. In transgenic mice administered with Cd2+,rapid
and transient ER stress was induced in liver and kidney predom-
inantly, but not obvious in other tissues (Hiramatsu et al., 2007).
Although it remains unclear whether these heavy metals directly
or indirectly interfere with ER functions,restoration of ER home-
ostasis could be a treatment of these metal exposures. Induction
of ER stress has not been reported in C. elegans in response to
metal exposure,however there is potential to investigate ER stress
in transgenic strains for genes associated with diseases where ER
stress has been observed.
METAL-INDUCED APOPTOSIS
Despite the existence of multiple protective pathways, cellular
damage in response to metal exposure may at times be too severe.
Exposure to heavy metals has been shown to induce programmed
celldeathorapoptosis,byinﬂuencingvariouscomponentsof sev-
eral apoptotic pathways (Rana, 2008). However, most of these
studies have been in vitro and they do not seem to recapitulate
the effects in live animals. Consequently, the C. elegans model
system has become a favorable biosensor in studies on the induc-
tion of apoptotic pathways in vivo following exposure to various
types of toxicants with most studies focusing on germline apop-
tosis in the nematodes (Wu et al., 2006; Leung et al., 2008). In
addition to the physiologically requisite germline apoptosis that
occurs in nematodes, stress-induced apoptosis can occur through
multiple signaling transduction pathways. Genotoxic insults have
been shown to mediate apoptosis through a pathway involving
the checkpoint protein HUS-1, the p53 homolog CED-9, and the
necessary apoptotic CED-3 caspase (Derry et al., 2001; Hofmann
et al.,2002; Conradt and Xue,2005). However,other stressors can
lead to the induction of p53-dependent or independent pathways
that require MAPK-related signaling transduction in order for
germline apoptosis to occur (Salinas et al., 2006; Rutkowski et al.,
2011). The conservation of these pathways in C. elegans allows for
the validation on their role in mammalian in vivo metal-induced
apoptotic mechanisms (Caffrey et al.,1999).
The C. elegans germline is composed of two U-shaped gonad
arms that join proximally at the uterus of the nematode. Both
physiologically relevant and stress-induced germline apoptosis
occurs at the loop of the gonad (Gartner et al., 2008). A common
germline apoptosis assay that can be used in C. elegans involves
staining worms with the ﬂuorescent dye acridine orange (AO)
thatlabelsthecharacteristic,highlyfragmentedDNAof apoptotic
cells (Kelly et al., 2000). For example, C. elegans studies found
that Ni exposure can induce germline apoptosis in a dose- and
time-dependent manner (Kezhou et al., 2010). This increase in
Ni-induced germ cell corpses is independent of the ERK pathway
as shown in C. elegans knockout strains for the MAPKKK (lin-
45), MAPKK (mek-2), and MAPK (mpk-1) homologs. Moreover,
mutant worms lacking cep-1 (homolog for the tumor suppres-
sor p53),hus-1,and egl-1 (involved in DNA damage checkpoints)
show increased germline apoptosis upon Ni exposure, and are
not required for Ni-induced germline apoptosis when compared
to wildtype Ni-exposed worms. However, Ni-induced germline
apoptosis is decreased in mutant homologs of the JNK (jkk-1,
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mek-1,jnk-1,and mkk-4 loss-of-function strains) and p38 MAPK
(nsy-1, sek-1, pmk-1, and pmk-3 loss-of-function strains) signal-
ing cascades, indicating the signiﬁcance of these two pathways in
Ni-induced apoptosis in C. elegans (Kezhou et al., 2010). Simi-
larly,Cd exposure in C. elegans also induces germline apoptosis in
a manner dependent upon the JNK and p38 MAPK pathways,
as indicated by the blockage of apoptosis in Cd-exposed JNK
and p38 MAPK pathway homolog knockouts (except in loss-of-
function pmk-3 mutants; Wang et al., 2008). Also analogous to
Ni-induced apoptotic pathways, both cep-1 and hus-1 play non-
essential roles in germline apoptosis in warms exposed to 50μM
Cd (Wang et al., 2008), suggesting the lack of involvement of the
DNA damage response in mediating metal-induced apoptosis in
C. elegans. However, another gene expression proﬁling study in
C. elegans has found that cep-1 and ape-1 (apoptosis enhancer
1) mRNA is up-regulated upon exposure to 0.85mg/L Cd (Roh
et al., 2006). Such a discrepancy illustrates the complex control
of these apoptotic pathways that may be highly dose-dependent.
Interestingly, a separate study found that cobalt exposure mimic-
ked the same apoptotic pathways delineated in the above studies:
DNA damage-independent, but JNK- and p38 MAPK-dependent
mechanisms (Chong et al., 2009). These studies indicate consis-
tently shared signaling cascades that mediate apoptosis caused by
a variety of metals.
Moreover, metal exposure also mediates apoptosis through
increased oxidative stress. For example,Cu induces its toxicity via
ROS generation that damage DNA, lipids, and proteins (Jomova
and Valko, 2011). This is thought to via a Fenton-type of reac-
tion (Held et al., 1996). However, the exact pathways involved in
Cu-inducedapoptosisarenotclearlyunderstood.UsingC.elegans
model, Wang et al. (2009) established that Cu induces germline
apoptosis in analogous fashion to Ni and Cd. Similar to Ni- and
Cd-induced apoptosis, Cu-induced germline apoptosis does not
rely on DNA checkpoint genes, as hus-1, clk-1, ced-9, and egl-1
knockouts do not prevent Cu-induced apoptosis. Similar to the
other metals, Cu-induced apoptosis does not depend on CEP-
1/p53,astheseknockoutscausedasigniﬁcantincreaseingermline
apoptosis upon Cu exposure. However, knockouts of the caspase
ced-3 gene, Apaf-1 homolog ced-4 gene, ERK pathway homologs
(lin-45,mek-2,and mpk-1),JNK pathway homologs (nsy-1,3mek-
1, jkk-1, mkk-4, jnk-1), and some p38 MAPK homologs (sek-1,
pmk-1, but not pmk-3) are all essential for Cu-induced germline
apoptosis(Wangetal.,2009).Theinvolvementof multipleMAPK
signaling cascades suggests that the cell requires more effort to
manage the encompassing effects of Cu toxicity, potentially due
to its highly reactive nature in generating ROS in mitochondria to
initiate the caspase cascade. However, the DNA damage response
remains non-essential in mediating this apoptosis.
APPLICATION OF TOXICOGENOMIC SCREENS IN
NEURODEGENERATIVE DISEASES
Caenorhabditiselegans havebeenusedtoinvestigateseveralneuro-
logicaldisordersprimarilyduetoitssimpleandwellcharacterized
nervoussystem.Withitsshortlifespanandeaseofgeneticmutabil-
ity,toxicogenomic screens may be quickly and easily performed to
identifygenesinvolvedinmetal-inducedneurotoxicity.Forexam-
ple,C.elegans possessonlyeightdopaminergic(DAergic)neurons,
which are easily counted in transgenic worms expressing GFP
driven by the dopamine transporter, dat-1, promoter. Dopamine
controls speciﬁc, measurable behaviors in worms, including food
searchingbehavior,defecation,andegglaying(Sulstonetal.,1975;
Weinshenker et al., 1995), which are easily measured for loss of
DAergic functioning. Herein, we discuss the application of tox-
igenomic screens in C. elegans to examine the role of metals
in PD.
PARKINSON’S DISEASE
Parkinson’s disease is the second most common neurodegen-
erative disease, afﬂicting ∼2% of the US population (Bushnell
and Martin, 1999). It is characterized by the selective loss of
DAergic cells in the substantia nigra pars compacta (SNpc) and
locus coeruleus regions of the brain (Wilson et al., 1996). The
mechanisms underlying the selective degeneration of the DAergic
neurons are poorly understood;however genetic factors and envi-
ronmental and endogenous toxins have been implicated (Dauer
and Przedborski, 2003). Epidemiological studies suggest that PD
is more common in rural areas, where the increased prevalence
is associated with the use of pesticides, herbicides, and heavy
metals (Gorell et al., 2004). Observable symptoms in patients
with PD include emotional and cognitive decline, bradykinesia,
rigidity, tremors, and postural instability (Lees et al., 2009). In
addition to cell loss, proteinaceous intracellular inclusions called
Lewy bodies are observed in postmortem brains. The majority of
PD cases are sporadic,while 10–20% of cases have a genetic com-
ponent. FamilialPDmaybeduetoautosomaldominantgenesfor
α-synuclein and leucine-rich repeat kinase 2 (LRRK2) or autoso-
mal recessive genes for parkin, DJ-1, and phosphatase and tensin
homolog (PTEN)-induced novel kinase 1 (PINK1), all of which
have orthologs in worms, such as pdr-1 (Parkin), djr-1 (DJ-1),
lrk-1 (LRRK2), pink-1 (PINK1), but not α-synuclein. Proteina-
ceous inclusions can be induced in C. elegans by overexpression
of either wildtype of mutant α-synuclein under the dopamine
transporter (dat-1) promoter (Kuwahara et al., 2006). Interest-
ingly,mammalian models of α-synuclein overexpression have not
been successful in causing selective DAergic neurodegeneration,
which makes C. elegans an invaluable tool.
In addition to genetic predisposition to PD, environmental
exposures contribute to the disease development as well. Expo-
sure to Mn, either from the environment or in occupational
settings, can produce Parkinsonian-like symptoms. These symp-
toms include rigidity, tremor, gait disturbances, and hypokinesia,
and are attributed to selective interaction of Mn with the basal
gangliadownstreamof thenigrostriatalDAergicprojection,which
are areas that readily accumulate Mn (Aschner et al., 2007). Mn
has been shown oxidize DA to a highly toxic reactive metabo-
lite leukoaminochrome o-semiquinone (Graumann et al., 2002).
MeHg exposure has also been implicated in PD. MeHg poison-
ing causes severe neurological deﬁcits due to brain lesions and the
disruption of neurotransmitter systems (Aschner and Syversen,
2005). Both PD and MeHg poisoning present resting tremors and
alterations in motor functioning (Biernat et al., 1999; Kaur et al.,
2007). MeHg exposure occurs through seafood consumption,due
totheglobalcycling,andaccumulationof Hgfromindustriesthat
reaches the aquatic environment (Fitzgerald and Clarkson,1991).
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Several studies have shown an association between PD and ﬁsh
consumptionoroccupationalexposuretoHg(Biernatetal.,1999;
Kirkey et al., 2001; Fabrizio et al., 2007; Petersen et al., 2008a,b).
Serum levels of Hg have been shown to increase post-PD diagno-
sis, and low serum Hg levels have been associated with decreased
risk for development of PD (Gellein et al.,2008).
Toxicogenomic screens have been performed in C. elegans
knockdown strains exposed to Mn to identify genes that are
involved in Mn toxicity. Benedetto et al. (2010) found that Mn
exposureinducesadose-dependentdegenerationinDAergicneu-
rons in C. elegans, which required the presence of the reup-
take transporter, DAT-1, as neurodegeneration was not observed
in dat-1 knockdown worms. Using various strains of C. ele-
gans, Benedetto et al. (2010) also found that toxicity was pre-
vented by the loss of tyrosine hydroxylase (TH)/CAT-2 function
in the double knockout strain, cat-2(e1112);dat-1(ok157) and
knockdown of vesicular monoamine transporter (VMAT2)/CAT-
1i ncat-1(e1111) mutants, in which DAergic neurons were
unable to release DA at the synaptic cleft. As in mammals, Mn
enters DAergic neurons in C. elegans through NRAMP/divalent
metal transporters, as deletion of the NRAMP ortholog smf-1
or smf-3 gene attenuated Mn induced DAergic neurodegener-
ation and increased survival (Au et al., 2009; Settivari et al.,
2009).
The use of C. elegans has also facilitated identiﬁcation of genes
that are involved in the cellular response to Mn exposure. Met-
als cause oxidative stress through the generation of ROS through
Fenton chemistry. Cells respond to increased ROS through upreg-
ulation of antioxidant molecules and enzymes via activation of
the Nrf2 transcription factor. Benedetto et al. (2010) found that
loss-of-function mutants for skn-1, the worm ortholog to Nrf2,
had increased sensitivity to Mn toxicity, whereas wildtype worms
expressingSKN-1::GFPshowedactivationofthetranscriptionfac-
tor after Mn exposure. Cells can also produce ROS as a defense
mechanism using speciﬁc enzymatic pathways. Loss-of-function
of bli-3 gene, a dual oxidase involved in pathogen-induced ROS
production, caused increased resistance to Mn toxicity and sur-
prisingly had no increase in ROS production from Mn exposures,
implying that BLI-3 is required for ROS-mediated effects in Mn
exposure (Benedetto et al., 2010). It is unknown if dual oxidases
are involved in mammalian responses to Mn.
Although MeHg exposure causes several toxic effects in C.
elegans, including decreased survival, developmental delay, and
decreased pharyngeal pumping, MeHg exposure did not cause
neurodegeneration (Helmcke et al., 2009; Helmcke and Aschner,
2010). This suggests the presence of protective mechanisms in
C. elegans’ neurons. MeHg exposure causes oxidative stress in
C. elegans through alterations in GSH levels, increased expres-
sion of HSPs,and glutathione-S-transferase (GST; Helmcke et al.,
2009; Helmcke and Aschner, 2010). GST levels are controlled by
Nrf2, which is activated by MeHg in mammalian glial cells (Ni
et al., 2010). Knockdown of the skn-1 gene led to DAergic neu-
ron degeneration in 30% of the worms exposed to 1mM MeHg,
whereas no degeneration was observed in wildtype animals (Van-
duynetal.,2010).Furtherstudiesarenecessarytounderstandhow
C. elegans DAergic neurons are protected from MeHg induced
neurodegeneration.
CONCLUSION
Many of the pathways and cellular processes affected by metals
in humans are also present in C. elegans. This combined with
the ease of genetic manipulability and inexpensive cost make
toxicogenomic studies in the worm an attractive alternative to
mammalian systems. The C. elegans model has proved to be an
invaluable tool in studying metal-induced gene expression, DNA
damage, and apoptosis. The short lifespan has proved useful in
performing genetic screens for xenobiotics and the large RNAi
librariesavailablehavebeenutilizedtoﬁndnovelproteinsandpro-
tein interactions involved in cellular responses to metal exposure.
Through the high homology between human and worm genomes
novel targets for therapeutic intervention may become apparent
throughfurtherlargescaletoxicogenomicstudiesinthenematode.
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